In this work, thiol aromatic aldehyde was used as a substrate material to be assembled on the electrode surface through Au-S chemical bond, resulting in an aldehyde-containing self-assembled monolayer. The aldehyde groups of this self-assembled monolayer can immobilize antibodies directly through the covalent bonding with amino groups of antibody, in which no additional chemical cross-linker is required. We fabricated an electrochemical impedance immunosensor based on aldehyde-containing self-assembled monolayers for the detection of hepatitis B surface antigen within the range from 0.1 to 70 ng mL −1 with a detection limit of 0.06 ng mL −1 obtained by 3σ. The proposed immunosensor is simple and has a good specificity and reproducibility.
Introduction
Immunoassays were widely used in various fields including clinical detection, food safety control, and environment monitoring. [1] [2] [3] Traditional methods used in immunoassays such as radioimmunoassay and enzyme-linked immunosorbent assay are highly sensitive. However, radioimmunoassay exposes laboratory workers to a significant safety hazard, while enzyme-linked immunosorbent assay is tedious and time-consuming. Electrochemical immunoassay as a new technique has received considerable attention due to its high sensitivity, inherent simplicity, rapid detection, miniaturization and low cost. 4 Because many substrate materials modified on the electrode surface are electrochemically inert, it is difficult to measure electrochemical signal directly and sensitively due to the electrontransfer barriers introduced by these substrate materials. Therefore, the process of labelling needed for signal enhancement. [5] [6] [7] [8] To overcome the limitation, the label-free electrochemical impedance immunosensor was developed to provide a direct detection of species by measuring the change of impedance. [9] [10] [11] In addition to its convenience, electrochemical impedance immunosensor provides a nondestructive means for the characterization of the electrical properties in biological interfaces because it works under very small amplitude perturbation from steady state. 12 The characteristics of substrate materials and methods of modifying electrode have significant effects on the detection of target analyte by impendance measurement. Traditionally, substrate materials used to immobilize antibody were modified on the electrode surface via physical adsorption. 13, 14 The film formed by physical adsorption is unstable and easy to fall off from the electrode. Moreover, the thickness of the film is uncontrollable. Another method for modifying electrode is self-assembly technique which offered a very simple method for the preparation of a highly ordered, reproducible, and ultrathin film suitable for further modification with antibodies. Many papers have been reported that the self-assembled monolayers (SAMs) prepared from alkanethiols containing carboxylic acid [15] [16] [17] or amine 18, 19 in the tail groups were used to immobilize antibody on the electrode surface. However, carboxylic acid or amine groups of SAMs need to be activated by the mixture of 1-(3-(dimethylamino)-propyl)-3-ethylcarbodi-imidehydrochloride (EDC) and N-hydroxy sulfosuccinimide (NHS) or glutaraldehyde before immobilization of antibodies, indicating that the process of antibody immobilization is tedious.
In the present work, thiol aromatic aldehyde (TAA) was used to fabricate new types of SAMs with aldehyde groups. Where aldehyde groups were applied to immobilize antibody directly, in which no additional activation step was required. Therefore, the use of TAA SAMs to immobilize antibodies is convenient. It is expected to substitute some traditional substrates which need to be activated prior to the immobilization of antibody. Using this new types of SAMs with aldehyde groups, an impedance immunosensor was developed using hepatitis B surface antigen (HBsAg) as a model antigen. The detection of HBsAg was based on the change of impedance before and after the antigen-antibody reaction. In our previous work, 20 a typical sandwich-type immunosensor was constructed electrochemical immunosensor, which the antibody need to be labelled. Although the antibody immobilization procedure is same, the immunosensing method developed in present work is simple and easy to operation, which provides the potential application for the detection of other analytes.
Experimental

Reagents and apparatus
Bovine serum albumin (BSA), human serum albumin (HSA), hepatitis B surface antibody (HBsAb), hepatitis B surface antigen (HBsAg) were obtained from Beijing Dingguo Biotechnology Company (Beijing, China). 0.1 M phosphate buffer solution (PBS, pH 7.0) was prepared using Na 2 HPO 4 and NaH 2 PO 4 . BSA, HSA solutions were prepared with PBS (pH 7.0). («)-Lipoic acid, 4-hydroxybenzaldehyde, 4-dimethylaminopyridineand dicyclohexylcarbodiimide, 1-Ethyl-3-(3-dimethylamino-propyl) carbodiimide hydrochloride (EDC), N-hydroxysuccinimide (NHS), 3-mercaptopropionic acid (MPA), cysteamine (CE), glutaraldehyde (GA) were purchased from Aladdin Corporation. Unless otherwise specified,
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Cyclic voltammetric (CV) and electrochemical impedance spectra (EIS) were carried out with a CHI 660 electrochemistry workstation (Shanghai CH Instruments, China) in 10 mM K 3 Fe (CN) 6 /K 4 Fe(CN) 6 solution. A conventional three-electrode cell, consisting of a Pt electrode as counter electrode, a saturated calomel electrode (SCE) as reference electrode, and a gold electrode modified with SAMs as working electrode, was used. CV measurements were taken at scanning rate 100 mV s ¹1 from ¹0.2 to 0.6 V relative to saturated calomel electrode. EIS measurements were carried out in the frequency range from 10 ¹1 to 10 5 Hz under an open potential. The amplitude of the alternative voltage was 5.0 mV.
Synthesis of TAA
Synthesis of TAA was performed according to our previous work. 20 To a solution of («)-Lipoic acid (206 mg, 1 mmol), 4-hydroxybenzaldehyde (122 mg, 1 mmol) in dry CH 2 Cl 2 (5 mL) were added 4-dimethylaminopyridine (12.2 mg, 0.1 mol) and dicyclohexylcarbodiimide (226 mg, 1.1 mmol). The mixture was stirred over night at room temperature. At the end the dicyclohexylurea that precipitated was removed by filtration and the solvent was removed in vacuo. The residue was purified by flash chromatography on silica gel with petroleum ether/ethylacetate (V:V = 4/1). to afford a yellow solid. The chemical structure of the prepared TAA was shown in Fig. 1A .
Fabrication of the immunosensor
The whole process of the immunosensor fabrication is shown in Fig. 1B . The bare Au electrode (3 mm diameter) was first polished with emery paper and alumina slurry of 0.3 and 0.05 µm, followed by successive sonication in distilled water and ethanol. The electrode was then treated with fresh piranha solution (1:3, v/v, H 2 O 2 and H 2 SO 4 ) for 3 min and washed with distilled water. Then, the Au electrode was subjected to electrochemical cleaning by scanning over a potential range from ¹0.3 to +1.5 V in freshly prepared 0.5 M H 2 SO 4 until a voltammogram characteristic of a clean gold electrode was established. The prepared clean Au electrode was dipped in 1 mM TAA solution about 2 hours at room temperature. Then the electrode was taken out from the solution and rinsed with distilled water to obtain a TAA film-modified Au electrode (TAA/Au). After washing with water, 10 µL of 100 µg mL ¹1 antibody was added onto the electrode to be incubated for 1.0 h at 37°C. The electrode was washed with distilled water and then incubated with 10 µL BSA (2.0 wt%) for 30 min at 37°C to eliminate nonspecific binding. Finally, a 10 µL of antigen solution at specific concentration was added onto the electrode to be incubated for 40 min at 37°C, followed by washing with distilled water prior to electrochemical measurements.
In order to compare the antibody immobilization, different electrodes modified with MPA and CE SAMs were prepared, respectively. The cleaned electrode was immersed in 1 mM MPA for 2 h at room temperature, then -COOH groups of MPA were activatd by dropping 10 µL solution containing 2 mM EDC and 5 mM NHS on the surface. After washing with water, 10 µL of 100 µg mL ¹1 antibody was added onto the electrode to be incubated for 1.0 h at 37°C. Similarly, the cleaned electrode was immersed in 1 mM CE for 2 h at room temperature, then activating -NH2 by dropping 10 µL of 2.5% GA on the electrode. After washing with water, 10 µL of 100 µg mL ¹1 antibody was added onto the electrode to be incubated for 1.0 h at 37°C.
Results and Discussion
CV characterization of the immunosensor fabrication
To evaluate the electron transfer nature of the modified Au electrode, CV measurements were carried out in 10 mM K 3 [Fe(CN) 6 ]/K 4 [Fe(CN) 6 ] which was used as a redox probe at a scan rate of 50 mV s
¹1
. Figure 2 shows CVs of the bare electrode (curve a); TAA film-modified Au electrode (TAA/Au, curve b); antibody-modified electrode (antibody/TAA/Au, curve c), BSAblocked electrode (BSA/antibody/TAA/Au, curve d); and antigenmodified electrode (antigen/BSA/antibody/TAA/Au, curve e). As can be seen from Fig. 2 , when the electrode was stepwise modified, a decrease in the peak current was observed. The reason is that materials modified on the electrode surface act as the electron and mass-transfer blocking layer and hinder the diffusion of ferricyanide toward the electrode surface.
Comparison of antibody immobilization using different
SAMs In order to compare the antibody immobilization, other two different electrodes modified with MPA and CE SAMs were prepared as the method described in Section 2.3. Cyclic voltammetric measurement were performed before and after antibody immobilization. Figure 3 showed the ratio of current decrease using TAA SAMs was most greatest, indicating the antibody immobilization ability of TAA was better than that of MPA and CE. MPA SAMs need to be activated by the mixture of EDC and NHS, and CE SAMs need to be activated by glutaraldehyde before (2016) immobilization of antibodies. This process is tedious. While TAA SAMs can be used to immobilize antibodies directly, in which no additional activation step was required. So, the effectiveness of the TAA modified electrode is better.
Optimization of the experimental conditions
The response of the immunosensor was related to the amount of antibody immobilized on the electrode surface. Figure 4A showed that the Ret increased with the increasing antibody concentration till at 100 µg mL ¹1 . After that, a slightly decreasing was observed. This can be attributed to that too much antibodies provided steric hindrance for immunoreaction. 21 Therefore, a 100 µg mL ¹1 antibody was chosen in this work. The incubation time of immunoreaction was investigated over the range from 20 to 50 min. Figure 4B showed that 40 min should be selected for the subsequent experiment. In order to eliminate the nonspecific adsorption, the residual active sites should be blocked with BSA. The concentration of BSA was investigated over the range of 1.0-2.5 wt%. The BSA concentration can effect on Ret of electrode modified by BSA/ antibody/TAA. Figure 4C showed that the Ret increased with the increasing BSA concentration till at 2.0%. After that, a platform was observed. This may be ascribed to that the residual active sites were blocked completely.
Analytical performance characteristics
Electrochemical impedance spectra (EIS) was presented in the form of Nyquist plot including a semicircle part and a linear part. The semicircle part at higher frequencies corresponds to the electron-transfer limited process and its diameter is equal to the electron-transfer resistance (Ret) which controls the electron-transfer kinetics of the redox probe at the electrode interface [14] . Under the optimized conditions, the impendance was monitored. As can be seen from Fig. 5A , there was a gradual increase of the diameter of the semicircle in the Nyquist plots as the HBsAg concentration increased. Figure 5B shows the calibration plot of Ret versus the concentration of HBsAg. The linear range is from 0.1 to 70 ng mL ¹1 with a detection limit of 0.06 ng mL ¹1 obtained by obtained by 3Q (whereQis the standard deviation of the blank solution, n = 10).
Specificity and reproducibility of the immunosensor
In order to investigate the specificity of the immunosensor, nonspecific proteins, such as thrombin (100 ng mL ¹1 ), HSA (100 ng mL ¹1 ), and IgM (100 ng mL
¹1
) were used to be incubated with the proposed immunosensor. As can be seen from Fig. 6 , when the concentration of HBsAg is 0 ng mL ¹1 , the impendance is 2.7 k³. While the Ret of the immunosensor with interferential species at the concentration of 100 ng mL ¹1 is just a little higher than that of the immunosensor with 0 ng mL ¹1 HBsAg. The above experimental data demonstrated excellent selectivity of the immunosensor.
To investigate the reproducibility of the proposed assay method, a sample with a concentration of 20 ng mL ¹1 was successively Electrochemistry, 84(4), 224-227 (2016) detected 6 times under the optimized conditions. Acceptable repeatability was observed with a relative standard deviation (R.S.D.) of 4.7%, which indicates that the immunosensor can be constructed and used for analysis with a good reproducibility.
Conclusions
In this work, a label-free electrochemical impendance immunosensor was successfully constructed based on aldehyde-containing self-assembled monolayers resulted from thiol aromatic aldehyde. It is expected to substitute some traditional substrates which need to be activated prior to the immobilization of antibody. The fabrication of this immunosensor is simple. The proposed immunosensor has a good sensitivity, selectivity, and reproducibility. It provides a promising strategy for the detection of other proteins. Electrochemistry, 84(4), 224-227 (2016) 
